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The paper describes wind-tunnel deployment s tudies  of a 
dynamically and e l a s t i c a l l y  scaled model of an i n f l a t -  
able  parawing. 
presented i n  a companion paper by M r .  R a f f  of Goodyear 
Aerospace Corporation. The parawing w a s  deployed from 
a capsule mounted with ro ta t iona l  freedom i n  the  wind 
tunnel. A deployment sequence providing a smooth t ran-  
s i t i o n  from packaged t o  stable gliding f l i g h t  was 
developed from preliminary studies a t  low airspeeds. 
High-speed motion pictures ,  shroud-line loads and posi-  
t i ons ,  and capsule posi t ion were obtained during com- 
p l e t e  deployments a t  airspeeds corresponding t o  those 
an t ic ipa ted  f o r  the  fu l l - s ca l e  vehicle. The r e s u l t s  
ind ica te  t h a t  s a t i s f ac to ry  deployments can be made with 
t r ans i en t  loads held t o  reasonable leve ls .  

Model design c r i t e r i a  and d e t a i l s  are 

INTROlxTC T I O N  

Deployment s tud ies  using a dynamically and e l a s t i c a l l y  scaled model 
of an in f l a t ab le  parawing su i tab le  f o r  the  recovery of a la rge  
spacecraft  have been conducted i n  the  Langley Transonic Dynamics 
Tunnel. The threefo ld  purpose of the  invest igat ion w a s  t o  study 
operat ional  problems of deployment, provide a preliminary evalua- 
t i o n  of t r ans i en t  loads associated with deployments, and assess the  
value of wind-tunnel s tudies  i n  t h i s  f i e ld .  The present paper 
describes the  deployment s tudies  and i l l u s t r a t e s  t he  f e a s i b i l i t y  of 
obtaining ea r ly  design information through the  employment of a 
wind-tunnel program i n  which deployment sequences and the  resu l t ing  
t r ans i en t  loads can be evaluated under controlled conditions. 

The design, scal ing,  construction, and degree of simili tude 
obtained i n  the  fabr ica t ion  of t h e  model used i n  the  invest igat ion 
a re  described i n  a companion paper by M r .  Bruce Raff of Goodyear 
Aerospace Corporation. 

* Aerospace Engineer, Aeroelast ic i ty  Branch, Dynamic Loads Division, 
Langley Research Center, Hampton, Virginia. 

+Aerospace Engineer, Spacecraft Structures Section, F l igh t  Vehicles 
and Systems Division, Langley Research Center, Hampton, Virginia.  
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APPARATUS AND TESTS 

The Transonic Dynamics Tunnel i n  which the deployment s tudies  were 
conducted i s  especial ly  well su i ted  fo r  dynamic model tes t ing .  
The large (16-foot square) test  section of the tunnel i s  well 
l igh ted  f o r  high-speed photography and i s  equipped with large win- 
dows f o r  close unobstructed viewing of the  model. Although only a 
s m a l l  portion of t he  ranges was used i n  t h e  present investigation, 
the tunnel i s  capable of operating over wide ranges of speeds and 
densi t ies  using e i the r  air  o r  Freon-I2 a s  a t e s t ing  medium. 
the deployment investigation the  model* w a s  gimbal mounted as shown 
i n  f i g w e  1 t o  a bar which spanned the t e s t  section of the  tunnel. 

For 

Figure 1.- Model mounted i n  tunnel. 

The mount res t ra ined the  model i n  t r ans l a t ion  but t he  gimbal 
attachment, which consisted of a large se l f -a l in ing  b a l l  bearing, 
allowed the  model freedom i n  p i tch  and approximately loo angular 
displacement i n  r o l l  and yaw about t he  capsule center of gravity.  
Instrumentation incorporated within t h e  capsule permitted continu- 
ous measurement of the capsule angular displacements and the 
shroud-line loads and posi t ions during and following deployment. 
These measurements were recorded on multichannel oscillographs 
located i n  the tunnel control  room. High-speed motion-picture cam- 
eras located upstream and abreaskof  the  model on both s ides  of the  
t e s t  section recorded motions of t h e  capsule and the  parawing. 
~~ 

The model w a s  a 1/8-size dynamically and e l a s t i c a l l y  scaled model * 
of an in f l a t ab le  parawing su i tab le  f o r  the  recovery of am 
8,800-pound spacecraft. 
given i n  the companion paper by M r .  R a f f .  

A complete descr ipt ion of the  model i s  
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Deployment sequences investigated were of a "passive type," t ha t  
i s ,  required no powered r ee l  i n  or out of the shroud l ines  as the 
model went from the packaged condition t o  the configuration for  
maximum gliding range. 
shown i n  figure 2 which i s  s i m i l a r  t o  t ha t  proposed by Morth 
American fo r  the Gemi115 =~r~~.Ti-ng v u  xaed. 

In general, the 4-step deployment sequence 

P 

b STEP 3 

STEP 2 

STEP 4 

Figure 2.- Deployment sequence. 

The four steps which were i n i t i a t e d  remotely by squib-fired valves 
or l i n e  cu t te rs  were: 

1. Je t t i son  of a f t  heat shield and simultaneous deployment of 
drogue chute attached t o  parawing apex 

2. Inf la t ion  of parawing 

3. Release of a f t  end 

4. Release of apex 

Complete deployments were made a t  dynamic pressures simulating lg ,  
2g, and 3g gliding f l i gh t .  
were made a t  dynamic pressures up t o  those simulating the terminal 
velocity of the capsule a t  an a l t i t ude  of approximately 70,000 fee t .  
Some of the  preliminary studies were made a t  very low speed so t ha t  
the investigators could enter the tunnel during the experiment. 

P a r t i a l  deployments (s teps  1 and 2) 
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PRELIMINARY STUDIES 

Much useful  qua l i ta t ive  information was obtained from visua l  obser- 
vation and review of movies* of Some of the preliminary t e s t s  i n  
which various s teps  of the  deployment (beginning with the  4 s tep  
and working back through the  sequence) were attempted a t  low 
airspeeds. 

Drogue Chute 
I n i t i a l  s tudies  i n  which t h e  parawing i n  the  f u l l y  deployed condi- 
t ion  was manually displaced t o  a high angle of a t tack  and released 
indicated t h a t  t he  unrestrained parawing would p i t ch  forward pas t  
the t r i m  angles of a t t ack  t o  an angle a t  which the  sa i l  became 
unloaded, and then proceed t o  gyrate wildly a s  t he  sa i l  a l t e rna te ly  
loaded and unloaded. A s m a l l  drogue chute attached t o  the  apex 
served t o  damp the  forward motion of parawing su f f i c i en t ly  t o  avoid 
the overshoot and the  consequent violent  o sc i l l a t ions  and high 
shock loads. It therefore  appears t h a t  "Passive Type" deployments 
t o  t he  r e l a t i v e  low angle of a t t ack  required fo r  maximum range dic-  
t a t e  the use of a drogue chute t o  avoid t h i s  highly undesirable 
condition. 
deployments i n  which the  forward keel  shroud l i n e  i s  slowly payed 
out t he  drogue chute may not be a necessity.  In  any event, t he  
apex-attached drogue appears desirable  i n  order t o  assure t h a t  t he  
parawing assumes a s tab le  f ly ing  a t t i t ude .  Free-f l ight  deployments 
made by the  F l igh t  Mechanics and Technology Division of t he  Langley 
Research Center using a control led forward-keel shroud-line payoutf 
tend t o  confirm the  need f o r  t h e  apex-attached drogue chute and 
indicate  t h a t  t he  chute should not be je t t i soned  u n t i l  t r ans i en t  
motions generated by the  deployment d ie  out. 

For deployments t o  higher angles of a t t ack  or for 

Transient Motions 
It w a s  noted i n  the  preliminary t e s t s  and l a t e r  confirmed by the  
records obtained during complete deployments t h a t  t r ans i en t  motions 
and loads associated with t h e  various s teps  i n  the  deployment 
decayed rapidly.  Therefore with even a r e l a t i v e l y  short  time 
in t e rva l  between events, each s tep  i n  t h e  deployment a c t s  as a 
separate e n t i t y  with l i t t l e  or no in te rac t ion  between s teps .  
thermore, due t o  the  short  period of t i m e  required t o  accomplish 
each step,  changes i n  a l t i t u d e  and ve loc i ty  i n  each phase of an 
ac tua l  f ree- f l igh t  deployment should be small; hence, t he  study of 
parawing deployment i n  s teps  a t  constant dynamic pressures as i n  the  
present invest igat ion appears j u s t i f i e d .  

Fur- 

An NASA film L-779 e n t i t l e d  "Paraglider Deployment i n  t h e  Transonic * 
Dynamics Tunnel" which depicts  these  preliminary tes ts  and some of 
the complete deployments i s  ava i lab le  f o r  loam from the  Langley 
Research Center, NASA Langley S ta t ion ,  HaJrrpton, Virginia .  

h A S A  Technical Note D-1932. 
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Controlled Reel Out 
Tne ea r ly  t e s t s  graphicaiiy i l l u s t r a t e d  the need f o r  controi ied 
r e e l  out of t he  shroud l ines ,  especially f o r  t h e  forward and a f t  
keel  cables. Even a t  t h e  low airspeeds of t he  preliminary tes t ,  
t he  1/16-inch s t a in l e s s - s t ee l  a i r c r a f t  cables snapped under t h e  
combined i n e r t i a l  and aerodynamic loads a s  t he  shroud l i n e s  reached 
die end of t h e i r  t r a v e l  If t he  payout rate wzs iiot controlled.  Eji 
res t ra in ing  t h e  payout rate through the use of t h e  f r i c t i o n  drag 
brake, incorporated i n  t h e  reel  assembly, t he  shock loads could be 
held t o  acceptable leve ls .  Diff icul ty  w a s  encountered i n  preset-  
t i n g  the  drag brakes so  t h a t  they provided su f f i c i en t  r e s t r a i n t  
while s t i l l  permitt ing t h e  cable t o  pay out. Nevertheless, since 
replacement of t he  drag brakes with a d i f fe ren t  system required a 
major modification of t h e  setup, the  remainder of t h e  tests were 
made using the  f r i c t i o n  drag brakes for  shroud-line control .  

L 

DEPLOYMENT STUDIES 

P a r t i a l  Deployments (Steps 1 and 2 1  
Measurements were made of t he  loads i n  the  f i t t i n g s  holding the  
apex and the  a f t  ends of t he  parawing booms during cover re lease  
and i n f l a t i o n  a t  dynamic pressures simulating the  terminal ve loc i ty  
of t he  capsule a t  an a l t i t u d e  of approximately 50,000 f e e t .  The 
maAimum loads encountered during in f l a t ion  a t  t h i s  dynamic pressure 
and steady-state loads a t  various dynamic pressures a re  presented 
i n  f igure  3 i n  terms of load coeff ic ient  versus dynamic pressure. 

MAXIMUM 
TRANS1 ENT LOADS 

COEFFICIENT 

.O 

APEX (STEADY STATE) Y 

AFT END 
(STEADY STATE) 

% 
DYNAMIC PRESSURE, L B / F T ~  

0 IO 20 30 

Figure 3.- Tie-down load coeff ic ients .  
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It i s  evident from the  figure t h a t  t h e  t rans ien t  loads during 
in f l a t ion  may be as much as 3 t o  4 t i m e s  t h e  steady-state loads a t  
t h e  same dynamic pressure. 
wide var ia t ion  i n  the steady-state load coef f ic ien ts  with dynamic 
pressure. 
change i n  shape of t he  drag body formed by the  parawing i n  this 
configuration under aeroe las t ic  loading. 
t ion  i s  such a s  t o  re l ieve  the  load imposed by the  parawing a t  the  
higher speeds. 

Also evident from the  figure i s  the  

It i s  believed t h a t  t h i s  var ia t ion i s  the  r e s u l t  of a 

Fortunately, t h e  var ia-  

For the  data  of f igure  3 and i n  approximately half  of t h e  complete 
deployments the  a f t  ends of t he  three  booms were attached a t  a 
common point.  
back and fo r th  about an ax is  passing through the  apex and a f t  end 
attachment points .  
points of t h e  a f t  end of the  leading-edge booms were displaced from 
the keel  boom approximately 30° around the  periphery of the  top of 
the capsule. T h i s  configuration proved t o  be very s t ab le  and pro- 
moted a more rapid f i l l i n g  of the sail .  
smaller, s implif ied model i n  a v e r t i c a l  wind tunnel confirmed the  
need f o r  separate attachment points  f o r  the  a f t  ends of the  booms. 
In  these tests t h e  spread attachment configuration appeared very 
stable;  whereas with the  common point attachment, t h e  capsule 
osc i l la ted  back and fo r th  l i k e  a b e l l  under t h e  parawing. 

I n  t h i s  configuration t h e  parawing tended t o  rock 

For some of t he  la ter  t e s t s  the attachment 

Free-drop t e s t s  with a 

Complete Deployments 
Successful deployments were made a t  dynamic pressures simulating 
lg gliding flight and a t  dynamic pressures 2 and 3 times t h a t  f o r  
l g  f l i g h t  i n  order t o  obtain data which could be correlated with 
the dynamic pressure decay an t ic ipa ted  f o r  the  prototype. 
instance t h e  m a x i m u m  t rans ien t  loads i n  the  shroud l ines  were 
encountered during payout of t he  apex cable ( s t e p  4) .  

I n  every 

Maximum t r ans i en t  shroud-line load coef f ic ien ts  f o r  deployments a t  
conditions f o r  l g  and 2g gl iding fl ight using the  4-step deployment 
sequence and t o  l g  conditions f o r  a deployment i n  which the  apex 
and aft  ends of the booms w e r e  re leased simultaneously ( s t eps  3 
and 4) a re  presented i n  f igure  4. 

An examination of the  data  of f igure  4 reveals t h a t  t h e  maximum 
r a t i o  of t r ans i en t  shroud-line loads t o  s teady-state  loads w a s  3.0. 
With carefu l ly  control led payout r a t e s  and sequencing, and with t h e  
load-relieving e f f e c t s  of body t r ans l a t iona l  freedom* it i s  
believed t h a t  the  magnification f a c t o r  can be reduced f o r  t he  
prototype. 

*While lack of t r ans l a t iona l  freedom may cause discrepancies 
between tunnel and f ree- f l igh t  results, a t h e o r e t i c a l  analysis  
indicates  t h a t  t h e  discrepancy should not be beyond t h e  accuracy 
required f o r  engineering design; furthermore, design values wj I1 
e r r  on the  conservative side.  
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Figure 4.- Deployment load coef f ic ien ts .  

Three other  i t e m s  of i n t e r e s t  were noted during the  deployment 
s tudies .  
re leased ( s t ep  3 )  was somewhat unstable and the  s a i l  was subjected 
t o  severe buffeting; t he  p r a c t i c a l  remedy f o r  t h i s  condition w a s  t o  
minimize the  time between s teps  3 and 4 by i n i t i a t i n g  s tep  4 as 
soon as shroud l i n e s  had extended t h e i r  f u l l  allowable length under 
s tep  3 tie-down conditions. 
excessive dynamic stresses i n  the  parawing fabr ic ;  even with t h e  
booms buckled, f u l l  pressure could be put i n t o  the  g l ide r  almost 
instantaneously without damage t o  the parawing. Again, i n  order t o  
reduce buf fe t ing  of loose f ab r i c ,  rapid passage through t h i s  phase 
appears advantageous. ( 3 )  Measurement of shroud-line loads and the  
capab i l i t y  of regulat ing dynamic pressure afforded t h e  opportunity 
of checking the  s teady-state-s t ress  analysis procedure. A compari- 
son of measured and calculated shroud-line loads f o r  l g  f l i g h t  i s  
given i n  f igure  5 .  

These were (1) parawing with the  a f t  ends of the  booms 

(2 )  Rapid i n f l a t i o n  did not cause 

It i s  seen t h a t  t h e  measured shroud-line loads var ied from the 
t h e o r e t i c a l  shroud-line loads by factors  ranging from 0.9 t o  1.5. 
Considering the  s e n s i t i v i t y  of loads t o  shroud-line length f o r  t h i s  
highly redundant s t ruc ture ,  t he  agreement shown i s  f e l t  t o  be a 
s a t i s f a c t o r y  check of analysis  procedure. I n  addi t ion,  the  model 
exhibi ted a tendency t o  buckle a t  t he  2g loading which corresponds 
t o  the  design c r i t e r i a  of buckle a t  2g. 
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Figure 5.- Steady-state load coef f ic ien ts .  

It should be noted t h a t  a l l  deployments were not successful; i n  
fac t ,  approximately 50 percent were not successful due e i t h e r  t o  
equipment def ic iencies  or f au l ty  t es t  technique. The model and 
capsule, however,, survived t h e  complete t e s t i n g  program of about 
15 runs without requir ing any major repa i rs .  It i s  f e l t  t h a t ,  i n  
t h i s  respect,  tunnel t e s t i n g  has a b ig  advantage over f r ee - f l i gh t  
drops where a minor f a i l u r e  usual ly  results i n  extensive damage t o  
the model and instrumentation. 

CONCLUDING REMARKS 

The present invest igat ion has indicated t h a t  much usefu l  informa- 
t ion both qua l i t a t ive  and quant i ta t ive  can be obtained from deploy- 
ment s tudies  of an in f l a t ab le  parawing i n  a wind tunnel.  For 
example, the  present s tudies  revealed several  important considera- 
t ions tha t  influence the  development of a s a t i s f ac to ry  deployment 
technique. The s tudies  a l s c  ind ica te  t h a t  parawings can be 
deployed with t rans ien t  loads held t o  reasonable values. The use 
of wind tunnels as a t o o l  i n  the  study of deployment problems i s  
indicated; however, f i n a l  evaluation of t h e  merits of the  wind- 
tunnel s tudies  awaits t h e  r e s u l t s  of comparable f r ee - f l i gh t  
deployment s tudies .  
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